An accurtrte lime transfer mahod is proposed using bi-directional wavelmgth division muG tiplexing (WDM) signal transmission along a single optical fiber. This method will be used in digital tclaomuniction networks and yield a time synchronization a w w q of belter thun 1 ns for long transmission lim over seveml tens of kilometers. The method ccm accurately mmsure the d#wence in dclny behvten two wavelength signals caused by the chromatic dispersion of the fiber in conventional simple bi-directional dual-wavelength fnquency transfer methods. We dexcribe the chmterislics of this d l l f c~~e in deIq and then show that the accumy of the delog measurement can be o M e d below 0.1 ns by transmitting 156 Mals time reference signals of 1.31 pin and 1.55 pin along a 50 bn fiber using the proposed method. The sub-nanosecond delay menswement using the simple bi-dircftiod dual-wavelength transmission cllong a 100 km fiber with a wavelength spacing of I nm in tke 1.55 pm mnge is also shown.
INTRODUCTION
In digital telecommunication networks, a reference frequency is already being distributed to network nodes in order to synchronize digital switching and multiplexing equipment. If the transmission delay is compensated for by measuring the round-trip path delay using the outgoing and incoming paths, accurate time transfer over long distances will be achieved. The proposed method will yield a time synchronization accuracy of better than 1 ns for long transmission lines over several tens of kilometers. This is useful for operating a distribution network, for locating faults, and in several network time services.
Accuracy in time transfer is determined by the accuracy to which the propagation delay is measured. Since the round-trip path is comprised of paired physically-independent fibers in conventional communication systemsrll, the delay measurement accuracy is limited by the asymmetry of the fiber length. A delay-measuring system using simple bi-directional dualwavelength transmission along a single fiberr21 eliminates fiber-length asymmetry, but it incurs error due to the chromatic dispersion of the fiber. This paper proposes a novel delay-measuring system using bi-directional WDM transmission along a single optical fiber, which can eliminate the error caused by fiber dispersion. The effects from the difference in delay between the two wavelength signals and the variations are described. The 1.31 pm and 155 pm signal transmissions along a 50 km fiber are tested and the feasibility of subnanosecond time transfer using the proposed method is confirmed. The bi-directional dual-wavelength transmission along a 100 km fiber is also shown, with a wavelength spacing of 1 nm in the 155 pm range. In such a close wavelength transmission system, measuring the sub-nanosecond delay is possible usjng a simple bj-directional dual-wavelength transmission method (i.e., not using the proposed method).
DELAY MEASURING METHOD
Simple bi-directional dual-wavelength optical transmission for transferring time signals is shown in Figure 1 . The master and slave nodes are connected with a single optical fiber and wavelength division multiplexers/demultiplexers. The reference time signals are generated by the reference clock installed in the master node and transmitted from the master to the slave node using X1 wavelength light. This X1 light is modulated using a digital data stream which includes time signals. The feedback time signals are transferred from the slave to the master node using X2 wavelength light. The time interval counter continuously measures the round-trip delay, r.,, which is the sum of XI propagation delay, 7 1 , and A 2 delay, 7 2 . The XI propagation delay is estimated as half of 7-in this scheme. The delay information is sent to the slave node. In this node, the reference time signal derived from the X1 light is advanced by electrical phase compensation techniques according to the received delay information.
In this method, the delay measurement error is due to the difference in delay between two wavelength signals, which is caused by the chromatic dispersion of the optical fiber. The proposed delay measurement scheme, presented in Figure 2 , compensates for the error due to this fiber dispersion. The reference time signals are always transmitted from the master to the slave using the X1 wavelength light. The two 1x2 optical switches change the transfer direction of the X2 wavelength light which transfers the probe time signals. When X2 signals are transferred from the slave to the master, the time inte~val counter (TI1) measures the round-trip signal delay, T.,.
The difference in delay, rdff, equals 7 2 -ril, which can be measured by transferring the Xa signals from the master to the slave in the same direction as the X1 signals. The A1 propagation delay can be accurately determined from the following relationship by measuring both the sum and difference terms.
The optical fiber delays, taul and 72, vary with changes in the environment, especially temperature. Hence, both T,, and ~d f f must be measured repeatedly. The measurement interval required to accurately transfer time depends on the characteristics of the variations in TI and 72. They are discussed in the following section.
EFFECT OF DISPERSION
The difference in delay between two wavelength signals is caused by the difference in the group refractive index between the two wavelengths. The chromatic dispersion, D, is the wavelength variation we5cient of the group refractive index and is illustrated in Figure 3 . The characteristic parameters of the dispersion are zero-dispersion wavelength, Xa, and the dispersion slope at zerodispersion wavelength, So. The hatched area shown in Figure 3 expresses the difference in delay between two wavelengths, XI and Xz.
We wnsider here the difference in delay, T~J J , and its variation, AT^^^^. This variation, ArdiJf, is caused by the difference in the change of the fiber dispersion characteristics with temperature between two wavelength signals. Assuming that So is constant against temperature change in the range from X1 to Xa and that the zero-dispersion wavelength is only shifted by temperature change, r d i f f and Ardiff with temperature are
where L, AT, and d X o / m denote the fiber length, temperature change, and the temperature dependence of zero-dispersion wavelength, respectively.
The normal single mode fiber (SMF) has a zero-dispersion wavelength around 1310 nm. The dispersion shifted fiber (DSF) has a XO around 1550 nm and is optimized for transmission in the 1550 nm wavelength region. A typical value of the dispersion slope is about +0.07 ps/nm2/km.
It is reported that the temperature dependence of the zero-dispersion wavelength, dhJd2' , is about +0.03 nmPCPI. Figure 4 shows the difference in delay per unit fiber length, r d f f / L , as a function of the wavelength difference &Ao(= XI -A2) for three different zero-dispersion wavelength fibers. In this calculation, the above parameters and XI = 1550 nm were used. The zero-dispersion wavelength of 1310 nm denotes the system using the SME The Xo = 1550 nm and h = 1600 nm are the best and worst cases using the 1.55 pm DSF, respectively, because the zero-dispersion wavelength of the DSF is specified in the region from 1500 to 1600 nmI41.
As shown in Figure 4 , r d j f / L becomes 2.0 ns/km in the system using 1550 nm and 1310 nm as dual-wavelength signals, where h = 1550 nm. For example, the T~J J becomes 100 ns where L = 50 km and it must be compensated for by using our proposed scheme described in the above section for ensuring sub-nanosecond time transfer. Where AT = 40°C, the Ar,ifj becomes 1.0 ns, thus, r d f f must be measured frequently according to the temperature change by changing the direction of the Xz signals in the proposed method.
If two close wavelength signals around 1550 nm are used, the difference in delay and its variation become small. For example, where Xo = 1600 nm, AX = 1 nm, L = 100 km, and AT = 40°C, r d i j f and Araff are 350 ps and 8.4 ps, respectively. If these values can be ignored, an accurate time transfer will be achieved using a simple bi-directional dual-wavelength time transfer scheme in which two wavelength signals are close. The system using close wavelength signals within the 155 pm band has several advantages cornpared to the 1.31 and 155 pm WDM systems: the fiber span can be wider, higher bit-rate signals can be transmitted, and the amount of short-term jitter is expected to be smaller. Recently, many wavelength multiplexing devices such as the arrayed waveguide grating151 and the fiber grating filter ['] have been developed for the 1.55 , m multi-wavelength division multiplexing system. Therefore, such close wavelength multiplexing and demultiplexing can be easily performed. presented in our previous reportpl. Nominal sensitivity of the optical receivers was -36 dBm at 1550 nm and -37 dBm at 1310 nm. Wavelength-selective couplers and low/high wavelength pass filters were used as wavelength division multiplexers/demultiplexers. and total isolation exceeded 60 dB. To change the direction of the Xz signals, we manually changed the fiber connections instead of using optical switches.
EXPERIMENTAL RESULTS

1.31
Error-free transmission was confirmed in both bi-directional and uni-directional transmission of the A1 and A2 signals. The bare fiber, wound on bobbins, was set in a temperaturecontrolled chamber and its temperature was varied. The r , , and ~diff were measured using time interval counters (Stanford Research Systems; model SR620). Due to the fact that both master and slave were set in the same laboratory, true values of TI and 72 could be directly measured. Under uni-directional transmission conditions, the 71, 72, their difference, ~difj. and the chamber temperature are plotted in Figure 5 . The short-term jitter appearing in the ~diff data is estimated to be mainly due to the electrical circuit used to derive the time signals from the 156 Mb/s signals and the resolution of the time interval counters. The variation of Q or Q was about 74 ns for a temperature change of 40°C. The thermal coefficient of the bare-fiber delay, 37 p s P C b , obtained from the above results, agrees with the previous reported results[~l. The difference in delay, r~j j , was 113.6 ns at 2S°C and the variation of (2) and (3). These calculated values agree with the experimental results. The difference in delay and its variation under these conditions cannot be ignored for sub-nanosecond time transfer and must be measured and compensated for by using the proposed method.
The measured values of 71, 7 , , / 2 in the bi-directional transmission and the 7djj/2 measured in the uni-directional transmission are plotted against temperature in Figure 6 . The error in determining .sl, which equals the difference between 71 and the value obtained from equation (I), is also plotted. The measured value of TI agrees with the delay determined from T , , and ~d i f f within about 0.1 ns over the entire temperature range. This result shows that subnanosecond time transfer is possible using the proposed method in the 1.31 pm and 1.55 pm WDM system.
WDM Within 1.55 pm Band Transmission
Distributed feedback @FB) lasers emitting +3 dBm of optical power at 1547 and 1546 nm were used as XI and X2 light sources. lkro bit-rate signals of 155.52 Mbls and 2.48832 Gbls, including reference time signals, were tested and were used to directly modulate both DFB-LDs. The sensitivity of the optical receivers was -36 dBm for 156 Mb/s signals and -32 dBm for the 2.488 Gb/s signals. The arrayed waveguide gratings, which have 16 channels with a wavelength spacing of 1 nm in the 155 pm band, were used as wavelength division multiplexers/demultiplexersIg~.
The insertion loss was about 7 dB and the crosstalk with other wavelengths was below -30 dB. We demonstrated both 156 Mb/s bi-directional transmission through a 100 km DSF and 2.488 Gb/s bi-directional transmission through a 75 km DSF while altering the temperature range of the bare DSF wound on bobbins. The DSF had a zero dispersion at the 1561 nm wavelength. The variation of independently measured delay TI, Q, and their difference, ~d f f , for the 156 Mb/s and 2.488 Gbls transmissions are plotted with fiber temperature in Figure 7 and Figure  8 , respectively.
From equation (2), ~d f f
of 100 km and 75 km transmissions are +I00 ps and +76 ps under the experimental conditions. The experimentally measured ~d f f in Figure 7 and Figure 8 were about +0.2 ns and 0.0 ns, respectively. These values agree with the theoretical values within about 0.1 ns. The difference between the experimental and theoretical values is estimated to be caused by the resolution of the time interval counter. Figures 7@) and 8@) show the filtered difference in delay, ~d;ff, with a time constant of 100 s. The filtered ~d f f in Figure  7@ ) and Figure 8@ ) varied within 100 ps and 50 ps, respectively. The theoretical value of A~d j j due to the temperature change is below 10 ps and it does not appear in Figure 7@ ) and Figure 8@ ). These results show that the sub-nanosecond delay can be measured using a simple bi-directional transmission in such a close wavelength transmission within the 1.55 pm range.
The square root of the Time Variance [lo. 111, u=(T) , of the ~diff, is plotted in Figure 9 . The error of the time interval counter (model SR62O) is also plotted. The error was measured using the following scheme: the time signal used in the above experiment was split; one was input into the start channel of the counter, and the other was input into the stop channel through a several-meter-long coaxial cable as the proper delay. The U=(T) in the averaging time region, t<100 s, was proportional to T -' / ' , which presented white noise phase modulation (PM). In this short term region, the variation of the ~d f f is estimated to include both the jitter due to the electrical circuit used to derive the time signals and the error of the counter. In particular, the result of the 2.488 Gbls transmission experiment almost coincided with \/Z times the value of the counter error. This agreement shows the accuracy of the delay measurement in the 2.488 Gbls transmission in the region, tc100 s, was almost solely restricted by the error of the counter, because the noise was characterized by white noise PM and the tdiff was the difference between two values, TI and 72, which were obtained by two independent counters.
In the region of t>100 s, u,(T) was proportional to 70 and the variations were characterized by flicker PM. The flicker noises of both the 156 Mbls and 2.488 Gbls transmissions were larger than the counter error in the region where t>1000 s. The causes of these noises are not clear.
CONCLUSION
An accurate time transfer method using bi-directional WDM signal transmission was proposed. The 1.31 pm and 155 pm signal transmission along a 50 km fiber was tested and the feasibility of sub-nanosecond time transfer using the proposed method was shown. We also demonstrated the bi-directional dual-wavelength transmission along a 100 km fiber with a wavelength spacing of 1 nm in the 1.55 pm range. In such a close wavelength transmission system, the subnanosecond delay can be measured using a simple bi-directional dual-wavelength transmission method. These results show that the optical transmission fibers over several tens of kilometers have the capability of time synchronization accuracy of better than 1 ns. 
